This paper describes the ultrasound assisted dispersal of a low wt. / vol. % copper nanopowder mixture and determines the optimum conditions for deagglomeration. A commercially available powder was added to propan-2-ol and dispersed using a magnetic stirrer, a high frequency 850 kHz ultrasonic cell, a standard 40 kHz bath and a 20 kHz ultrasonic probe. The particle size of the powder was characterized using dynamic light scattering (DLS). Zaverage diameters (mean cluster size based on the intensity of scattered light) and intensity, volume and number size distributions were monitored as a function of time and energy input. Low frequency ultrasound was found to be more effective than high frequency ultrasound at de-agglomerating the powder and dispersion with a 20 kHz ultrasonic probe was found to be very effective at breaking apart large agglomerates containing weakly bound clusters of nanoparticles. In general, the breakage of nanoclusters was found to be a factor of ultrasonic intensity, the higher the intensity the greater the deagglomeration and typically micron sized clusters were reduced to sub 100nm particles in less than 30 min using optimum conditions. However, there came a point at which the forces generated by ultrasonic cavitation were either insufficient to overcome the cohesive bonds between smaller aggregates or at very high intensities decoupling between the tip and solution occurred. Absorption spectroscopy indicated a copper core structure with a thin oxide shell and the catalytic performance of this dispersion was demonstrated by drop coating onto substrates and subsequent electroless copper metallization. This relatively inexpensive catalytic suspension has the potential to replace precious metal based colloids used in electronics manufacturing.
Introduction
Electroless copper plating is a widely used industrial process in the electronics manufacturing industry for the metallization of non-conducting substrates such as polymers, glass and ceramics [1] [2] . For such plating, commercially available precious metal based tin-palladium [3] catalysts are typically used. Because of its scarcity the high and fluctuating cost of palladium makes the process expensive, and there have been numerous attempts to develop viable catalysts based on less noble metals [4] [5] [6] [7] . A potential catalyst material that can be used to activate the surface is copper in the form of a nanopowder [8] . However, they are supplied in the form of dry powders and have to be re-dispersed in a liquid phase to give homogenous stable solutions comprising of clusters that need to be broken into primary nanoparticles during the dispersion process. Dispersion and deagglomeration of nanopowders in liquids can be carried out in ball mills [9] , rotor-stator high shear mixers [10] or ultrasonic processors. Ultrasonic dispersion is a very effective technique for dispersing a powder in a liquid [11] .
The dispersion mechanism involves acoustic cavitation (through the formation, growth and implosion of bubbles resulting in the rupture of agglomerates) and acoustic streaming. One of the first papers published using this technique investigated the effects of high intensity ultrasound on micron-sized inorganic solids with powders of 60 -90 µm diameter being reduced to 5-10 µm in diameter after a few minutes of ultrasonic irradiation [12] . A number of nanomaterials that have been the subject of recent dispersion investigations include goethite [13, 14] , silica [15] [16] [17] [18] [19] , haematite [20] , barium titanate [21] , zinc oxide [22] , carbon black [23] , silver [23] , alumina [24] [25] [26] and carbon nanotubes [27] . In many of these studies, high intensity ultrasonic processing was found to de-agglomerate and decrease the size of the starting materials. The intense forces generated by cavitation are large enough to exceed the cohesive bonds between particles and fragment agglomerates into smaller aggregates and primary particles. For graphite, forces resulting from cavitation have been used to cleave layers to form graphene [28, 29] . However, de-agglomeration efficiency depends upon many factors and each individual material needs to be studied in turn.
Despite the numerous publications on ultrasonic dispersion of nanoparticles in liquid media, to the best of our knowledge only two specific studies have focused on the effects of ultrasound on copper powders [30, 31] .
Suslick et al. studied micron sized powders and concluded that 20 kHz ultrasonic irradiation enhances the reactivity of the powder and that these effects are due to interparticle collisions and the removal of surface oxides. In a previous paper we have demonstrated the potential for ultrasonic deagglomeration of copper nanoparticles using a 40 kHz ultrasonic bath and its use as an activator for electroless copper plating [8] . In this paper we have expanded the study and report for the first time on the dispersion of a low concentration mixture of copper nanoparticles in propan-2-ol (0.1g dm -3 ) using three different ultrasonic frequencies (20, 40 and 850 kHz) at different times and powers. The degree of de-agglomeration / dispersal was measured and the catalytic behaviour of the copper powder as an inexpensive ink for electroless copper plating was assessed.
Materials and Methods

Materials
Commercial copper nanoparticles (Cu, 99.8%, primary particle size 25nm) were supplied in dry powder form in sealed pouches. The pouches were opened in a nitrogen purged glove box or glove bag and stored under nitrogen. Propan-2-ol (HPLC grade) was purchased from Fisher Scientific and filtered through a 0.20 µm GNWP nylon membrane before use. Chemically synthesised copper nanoparticles were also prepared using the procedure described by Grouchko et al. [32] .The tin/ palladium colloidal catalyst (Catalyst 3344, 0.015 wt./ vol.% Pd ) and electroless copper chemistries (Circuposit 3350-1) were supplied by Chestech Ltd and prepared according to the product data sheets. The electroless copper bath was operated at the top end of the recommended temperature range, 52°C. FR-4 substrate (Isola 370HR), a typical printed circuit board laminate, was supplied by Graphic plc. The ultrasonic baths and probes were calibrated using the calorimetry method [11] with propan-2-ol. Recorded ultrasonic energy densities for the 40 kHz and 850 kHz bath were 0.13 W cm Samples for SEM were prepared by dusting the powder onto adhesive carbon supports stuck onto aluminium SEM stubs. The samples were then sputter coated with gold/palladium for 60 seconds. STEM samples were prepared by dispersing the powder in propan-2-ol and then pipetting one drop onto a holey carbon film on a 200 or 300 mesh copper grid placed on top of filter paper.
Equipment
The filter paper absorbed any excess alcohol. The grid was dried and then placed in the STEM for examination.
Samples of dispersions were also studied by absorption spectroscopy from a double beam spectrophotometer (Shimadzu UV-1800
Spectrophotometer) in the wavelength range 400-800 nm.
Dispersion
A typical procedure used to prepare the dispersions was: 10 mg of copper nanopowder and 100 cm 3 of propan-2-ol were placed in a 150 cm 
Results and Discussion
Copper nanoparticle characterization
A SEM image of the as received dry copper nanopowder is shown in Figure 1 . The particles are almost spherical and there are larger clusters present which are agglomerates of the primary particle size. The SEM image shows a mottled effect on the surface of the particles which is probably an artefact of the sample preparation. The image also suggests the primary particle size is between 25 -100 nm. TEM images of the as received powder dispersed with a very short 10 s pulse of ultrasound are shown in Figure 2 .
The nanoparticle clusters are typically between 0.5 -1.0 µm in one dimension before extensive processing, Figure 2 (a) and show a typical cluster / agglomerate structure which is susceptible to breakdown under sonication,
3.2 Ultrasonic dispersion in propan-2-ol.
Propan-2-ol was chosen as a suitable dispersing solvent for two reasons; (a) it dissolves a wide range of non-polar compounds and is therefore a good solvent for dissolving potential organic capping agents for subsequent coating of the copper nanoparticles and (b) it is miscible with water, relatively non-toxic and is known to be used as a solvent for ink-jet inks.
Effect of ultrasonic frequency.
Production and intensity of cavitation is affected by ultrasonic frequency; in qualitative terms bubble sizes and cavitation forces differ according to the applied frequency. To investigate the effect of ultrasonic frequency on de-agglomeration mixtures of copper nanopowder in propan-2-ol were subjected to three different ultrasonic frequencies; 20, 40 and 850 kHz.
In order to make the comparison between different types of ultrasonic equipment an energy density of 0.13 W cm -3 was used for the 40 kHz ultrasonic bath (fixed power), the 20 kHz ultrasonic probe (20 % amplitude) and the 850 kHz system. Evidence for this is provided in Table 1 Nevertheless curve (a) does illustrate a typical result when the copper nanopowder is dispersed for one hour at 500 rpm using a magnetic follower.
A tri-modal distribution is observed with peaks at 120, 710, and 5500 nm. In order to increase the vibrational amplitude of the horn system the 1.3 cm end diameter cylindrical horn as used above was changed to a tapered horn with a smaller end diameter. Because the end diameter of the horn is smaller than the area attached to the driving transducer element there will be a magnification of the ultrasonic vibration (i.e. power) [11] . A tapered horn of end diameter 0.6 cm was used and Figure 7 nanoparticles is characterized by a red wine colour and has a characteristic absorption peak at ~ 560 nm due to the plasmon effect [32] . The dispersions of copper nanopowders prepared using an ultrasonic horn are black in colour, see Figure 10 before (a) and after dispersion (b), and have an absorption peak at ~ 618 nm. The shift to the higher wavelength for the surface plasmon resonance (SPR) can be attributed to the morphology or symmetry of the copper nanostructures [35, 36] . Spectra (c) -(k) show the response after the addition of glacial acetic acid to the dispersion. Glacial acetic acid dissolves copper oxides and copper at a slow rate allowing enough time for absorption spectra to be recorded on a standard spectrophotometer. A slight initial blue shift of the absorbance maximum was observed from 618 nm to 610 nm after 1 min, but no significant shift was noted. It is known that the SPR of copper nanoparticles is significantly affected by the presence of copper oxides leading to a shift in the SPR to a wavelength between 700 -800 nm [37] .
Therefore an initial absorption peak at 618nm suggests the nanoparticles are relatively oxide free and this observation is supported by the fact that a similar spectrum is recorded after the addition of glacial acetic acid. Increasing time reduces the SPR until the glacial acetic acid dissolves the copper nanoparticles and it disappears.
The results from DLS, TEM and absorption spectroscopy confirm that the breakage behaviour of the copper nanopowder is consistent with an erosion mechanism. The agglomerates are gradually reduced in size by the breakage of fine particles (sub 100 nm) from their surface. A point is reached where no significant fragmentation takes place and the rate of change in size decreases. These observations are consistent with previous studies reported in the literature for silica, titania [18, 19] , and zinc oxide powders [22] .
Occasionally, re-agglomeration of the dispersed copper nanopowder was observed at high operating amplitudes and longer processing times. Previous work has also reported this observation [24] . However, this process could not be predicted or reproduced consistently.
It is worth noting that throughout this study there was no evidence to suggest that primary particles can be broken into smaller nanoparticles. This finding also agrees with previous work in this area where it was found that agglomerates held together by weak material bridges or weak forces can be broken down into primary components, but aggregates created by covalent bonds cannot be separated into smaller clusters [16, 24] .
Electroless Copper Activation
The respectively. Therefore, longer ultrasonic processing times lead to smaller cluster sizes, a higher concentration of copper nanoparticles and therefore more catalytic sites for electroless plating to take place when the dispersion is dispensed onto a substrate. This in turn leads to more copper islands which have a greater chance to overlap and grow and form a continuous film over the substrate.
To summarise, ultrasonic dispersion of a relatively small amount of dry powder and subsequent drop coating has allowed a non-conducting substrate to be covered in an increasing number of catalytic 'nanoislands' with a large active surface area. This surface is ideal for electroless copper activation and the deposition of a conductive copper coating. Pin holes in the copper film were observed, but with further process optimisation a copper catalyst has the potential to match the performance of a Pd based product.
Conclusions
This work has characterized the dispersion of a commercially available copper nanopowder using ultrasound to generate low wt. / vol. % concentration mixtures of copper nanoparticles. Low frequency ultrasound was found to be more effective than high frequency ultrasound at deagglomerating the powder, and dispersion with a 20 kHz ultrasonic probe was very effective at breaking apart large agglomerates containing weakly bound clusters of nanoparticles. Using optimum ultrasonic processing conditions, micron agglomerates were reduced in size to sub 100 nm clusters. High intensity processing with a tapered tip did not improve the breakage rate and there appeared to be a point at which the forces generated by ultrasonic 
